The Myc-Max-Mad/Mnt network is comprised of a group of conserved transcription factors of the basic helix-loop-helixzipper (bHLHZ) class which are thought to function together as a molecular module (24) to transcriptionally regulate cell growth, proliferation, and differentiation (for recent reviews, see references 5, 17, 21, 37, 49, and 77). The bHLHZ domains common to these transcription factors mediate dimerization of Myc or Mad family proteins with Max, thereby permitting Myc-Max and Mad-Max heterodimer binding to the E-box sequence CACGTG. An important aspect of the network is that it is capable of transcriptional activation and repression of multiple gene targets through recruitment of chromatin-modifying complexes. Myc associates with the coactivators TRRAP (40, 41) and p300/CBP (73) , which bind or possess histone acetyltransferase activities. Histone acetyltransferase recruitment is generally associated with augmented gene expression (2, 23) . In contrast, Mad and Mnt family proteins associate with the Sin3 corepressor, which recruits histone deacetylases, leading to transcriptional repression (for reviews, see references 39 and 77). Myc-Max complexes have also been shown to repress the expression of several genes indirectly by binding and inactivating the Miz-1 transcription factor (64) (65) (66) .
Much research has focused on mammalian Mad family proteins and Mnt, since they appear to antagonize Myc activity and could function, at least in principle, as tumor suppressors. The mammalian Mad family of transcriptional repressors is encoded by four paralogs: mad1, mxi1, mad3, and mad4 (reviewed in reference 39). The other characterized Max-binding repressor, Mnt (also known as Rox), possesses the two conserved domains common to all Mad family members: the Nterminal Sin-interacting domain (SID), which interacts with the Sin3 corepressor, and the bHLHZ domain required for heterodimerization with Max (26, 42) . However, Mnt is considerably larger than any of the Mad family proteins and contains other regions, including proline-and proline/histidinerich sequences, that are unique to Mnt.
Attempts to understand the physiological roles of mammalian Mad and Mnt proteins have entailed both overexpression and targeted gene deletion studies. In general, this work has provided support for the notion that Mad and Mnt antagonize Myc function and promote cell cycle exit (12, 13, 20, 28, 33, 34, 55, 59, 74) . Surprisingly, given the capacity for overexpressed mad to inhibit proliferation, targeted deletions of mad family genes in mice did not result in dramatic phenotypes relating to differentiation and development. Mice homozygous for a mad1 null mutation displayed no detectable differences in viability, fertility, size, behavior, or incidence of neoplasia compared to controls. However, their granulocyte progenitor cells, when cultured in vitro, exhibited a delay in differentiation due to an inhibition of cell cycle exit (18) . mxi1 knockout mice showed generalized hyperplasia in certain tissues and an increased incidence of carcinogen-induced tumors in older animals (62) . The only detectable phenotype in mad3 homozygous null mice was an increased sensitivity to gamma irradiation in neural progenitor cells and thymocytes (57) . These subtle phenotypes may be the result of redundancy with other Mad family members or with other cell cycle regulatory proteins. In fact, an apparently compensatory increase in Mxi1 and Mad3 expression was observed in the thymi of mad1 knockout mice (18) . Therefore, as suggested for Myc family gene deletions, functional redundancy may obscure the developmental roles of mad genes in targeted deletion studies (15, 67) . This may be less true for Mnt, whose targeted deletion in mice results in craniofacial abnormalities and perinatal lethality (71) . Conditional loss of mnt in murine breast epithelium leads to adenocarcinomas (29) . Furthermore, loss of Mnt function in fibroblasts results in enhanced proliferation and upregulation of Myc target genes (29, 46) . Thus, mammalian Mnt is a tumor suppressor that presumably functions to antagonize Myc activity. However, because these studies of Mnt have been carried out in settings where wild-type Mad1 to Mad4 proteins are expressed, it is difficult to sort out the extent and consequences of the overlapping functions of these proteins.
The identification of Myc and Max homologs in Drosophila melanogaster has greatly facilitated genetic analysis of candidate functional pathways and targets. The D. melanogaster homologs of Myc and Max (dMyc and dMax) heterodimerize, bind E-box sequences, activate transcription, and in the case of dMyc, recapitulate mammalian Myc functions (19, 48, 63, 72) . Furthermore, both loss-of-function and gain-of-function studies with dMyc have demonstrated it to be a positive regulator of cell growth (i.e., cell mass) (31). Here we report the identification and characterization of the third member of the Max network in D. melanogaster, dMnt, the sole homolog of mammalian Mad and Mnt proteins. We show dMnt to be a negative regulator of cell growth that also plays a role in regulating D. melanogaster body size and life span. method (44, 52, 69) was used to generate random clones overexpressing upstream activation sequence (UAS)-regulated transgenes. Flp/Gal4 clones were induced by heat shock for 1 h at 37°C (in an air incubator) 48 h after egg deposition. Clones for fluorescence-activated cell sorting (FACS) analysis or confocal microscopy were analyzed 120 h after egg deposition. FACS analysis was performed as previously described (44) . For confocal analysis, wing disks from third-instar larvae were fixed in 4% paraformaldehyde in phosphate-buffered saline for 45 min, washed, and stained with propidium iodide for nuclear staining. A Leica TCS SP confocal microscope was used.
P-element excision screen. dmnt mutants were generated in an imprecise P-element excision screen using a stock EP(X)1559 (58) containing a P-element insertion between the second and third exons of dMnt. Briefly, homozygous EP(X)1559 females were crossed with Binsinscy;; [⌬2-3] [⌬2-3] Sb/ϩ males were crossed with Df/Binsinscy females. Viable white-eyed male and female offspring were analyzed by PCR analysis using primer pairs consisting of a P-element-specific primer and a dMnt genomic primer flanking the left or right of the P-element insertion site. The lines which appeared to have a P-element excision event were further analyzed by PCR analysis using primers specific to individual exons and a primer set that amplifies the closest exon of the neighboring gene, ralA. The regions of deletion for the two mutant lines were also mapped by Southern blotting (data not shown).
RT-PCR analysis. Reverse transcription-PCR (RT-PCR) analysis was performed to detect the presence of dMnt, dMnt ⌬SID, and dMnt ⌬ZIP mRNA. Total RNA from adult males was isolated with TRIzol (Invitrogen) according to the manufacturer's instructions. Sensiscript reverse transcriptase (QIAGEN) was used in the RT reaction according to the manufacturer. dMnt and dMnt ⌬ZIP cDNAs (detection was based on size differences of the PCR products) were then PCR amplified (one cycle of 94°C for 3 min; 35 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min 30 s; one cycle of 72°C 7 min) with a 5Ј primer (5Ј-GGTGCTCCTCGAGGCGGCTC-3Ј) and a 3Ј primer (5Ј-CGGGTGCCCG CGCCATTAC-3Ј), primers 1 and 3, respectively (see Fig. 5A ). The dMnt ⌬SID cDNA was PCR amplified using the same conditions mentioned above with a 5Ј primer (5Ј-TCGGAGGACGATAATTCCTC-3Ј) and the same 3Ј primer mentioned above, primers 2 and 3, respectively (see Fig. 5A ). Rp49 was used as the loading control. PCR products were run on a 1.5% agarose gel containing ethidium bromide.
Growth analysis. dmnt 1 and dmnt 2 mutant adult males were used to measure the average fly weight and cell size in the adult wing. Fifty first-instar larvae from a 6-h collection were seeded in a vial and left until 3 days after eclosion when the males were collected, snap-frozen on dry ice, and stored at Ϫ70°C. Eight vials of each genotype were collected, and the average adult male weight was calculated for each genotype. Cell size studies were performed using the wings from these adult males. Twelve wings (six individuals) from each genotype were dissected and mounted (Canada Balsam; methyl salicylate). Bright-field microscopic images were captured using a Leitz DMRD microscope and a RT Slider Spot digital camera (Diagnostic Instruments, Inc.). The number of bristles recorded in a defined unit area was determined and averaged for each genotype. Both the weight and cell size studies were repeated three times with separate parents.
Longevity assays. dmnt 1 , dmnt 2 , and P-element precise excision allele (wildtype control) virgins were collected and allowed to age in the absence of males at a density of 20 flies per vial. Flies were transferred to fresh food every 3 days, and scores for dead flies were determined at this time. Longevity studies were repeated three times with independent sets of parents. The average percent survivorship from the three independent experiments was then calculated for each collection point. 1A) . Although dMnt possesses the two functionally conserved domains common to Mnt and Mad family members, it lacks the proline-rich and proline/histidine-rich domains characteristic of Mnt. To more precisely classify this newly identified D. melanogaster gene, we examined its phylogeny more closely. Figure 1B illustrates the similarities and differences between Mnt and Mad proteins and the positions of functionally conserved domains in various organisms. dMnt (581 aa) is similar in size to mammalian Mnt (581 aa) and the predicted fugu Mnt (Takifugu rubripes, JGI20379; 777 aa) compared to Mad proteins (ϳ250 aa). Also, the overall organization of dMnt is more similar to that of mammalian Mnt. The SID and bHLHZ domains of Mnt proteins are approximately 200 aa apart, whereas the Mad proteins have an average of 30 aa that separate these two domains. To determine relatedness among mnt and mad genes in various organisms, we constructed a phylogenetic tree based on sequence homology within the bHLHZ domain (81 aa) (Fig. 1C ). This domain contained the largest block of amino acids common to all Max network proteins analyzed. The tree indicates that the dMnt bHLHZ and the predicted bHLHZ regions for the Anopheles gambiae mosquito and T. rubripes are more closely related to mammalian Mnt than to other members of the Mad family of proteins. These analyses indicate that the gene products we identified are overall more homologous to Mnt. A search of the D. melanogaster genome sequence has failed to identify any other Mad-related protein. Thus, dMnt and its splice forms may be considered to be the sole D. melanogaster homolog of both Mnt and Mad. dMnt is biochemically and functionally similar to vertebrate Mad and Mnt proteins. Vertebrate Myc, Max, and Mad/Mnt are all members of the bHLHZ class of transcription factors in which the bHLHZ domains mediate highly specific heterodimerization of Myc and Mad with Max as well as sequence-specific DNA binding (3, 6) . To determine whether dMnt heterodimerizes with dMax, we carried out in vitro binding assays. Chimeric proteins in which GST was fused to the dMnt bHLHZ domain or the dMnt ⌬ZIP bHLH domain were bacterially expressed and purified. GST alone or GST fusion proteins were incubated with in vitro-transcribed and in vitrotranslated [
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35 S]methionine-labeled dMax, dMyc, or each of the three dMnt splice forms ( Fig. 2A) . GST alone did not specifically associate with any of the in vitro-translated proteins. However, the GST-dMnt bHLHZ fusion protein interacted specifically with dMax but did not interact with dMyc or any of the dMnt splice forms. The GST-dMnt ⌬ZIP bHLH fusion protein failed to interact with dMax, dMyc, or any of the dMnt splice forms. These results demonstrate that dMnt is able to heterodimerize with dMax through the bHLHZ domain but is unable to homodimerize or interact with dMyc. In addition, the leucine zipper domain is required for dMnt heterodimerization with dMax.
Mammalian Mad family members and Mnt contain an amino-terminal SID that is required for transcriptional repression (4, 61) . The SID domains of Mad proteins have been previously demonstrated to interact with the second paired amphipathic helix (PAH2) domain of the Sin3 corepressor (4, 11, 61) . Because dMnt possesses a region similar to mammalian SIDs, we performed GST pull-down experiments to determine whether dMnt associates with the PAH2 domain of dSin3. GST or GST-dSin3 (PAH2) fusion protein was incubated with labeled, in vitro-transcribed, and in vitro-translated dMnt splice forms (Fig. 2B) . GST-dSin3(PAH2) interacted specifically with the two dMnt splice forms containing SID but did not bind the dMnt ⌬SID form. No interaction of the dMnt splice forms with GST alone was observed.
Vertebrate Myc-Max and Mad-Max heterodimers have been demonstrated to bind specifically to the consensus E-box sequence CACGTG (4, 6, 61) , and D. melanogaster Myc-Max dimers bind the same E-box sequence (19, 63) . We tested in vitro-translated dMnt, dMnt ⌬ZIP, or dMnt ⌬SID together with dMax in electrophoretic mobility shift assays and determined that dMnt-dMax and dMnt ⌬SID-dMax heterodimers bind specifically to a labeled CACGTG oligonucleotide (see Fig. S1 in the supplemental material). As expected, given that dMnt ⌬ZIP is unable to heterodimerize with dMax ( Fig. 2A) , no specific binding to the labeled oligonucleotide was observed in the sample containing dMnt ⌬ZIP and dMax.
The DNA binding activity of these proteins is related to their transcriptional function. Synthetic reporter genes, as well as cellular target genes, are transcriptionally activated by both of all Mnt and Mad family proteins. The dMnt ⌬ZIP form lacks the zipper domain (due to a splicing event that omits the exon containing the zipper domain) and contains a unique COOH terminus (due to a reading frameshift; marked by the region with short vertical lines). The dMnt ⌬SID form contains a unique NH terminus (marked by the hatch marks) that lacks the SID domain. See [1] ) to identify proteins with homology in this domain. (C) A phylogenetic tree based on sequence homology within the bHLHZ domain (81 aa) was generated to determine relatedness among Mnt and Mad genes in various organisms (including Anopheles gambiae). The tree was generated using the programs CLUSTAL_X (70a) and PAUP 4.0 (Sinauer Associates, Inc., Sunderland, MA).
VOL. 25, 2005 dMnt REGULATES GROWTH 7081 vertebrate and D. melanogaster Myc-Max heterodimers and are transcriptionally repressed by mammalian Mad-Max and Mnt-Max. Activation and repression by these groups of heterodimers are dependent on the presence of the E-box sequence (for reviews, see references 21, 37, 49, and 77). We found that expression of dMnt and dMax repressed transcription of a reporter construct containing an E-box (CAC GTG) twofold compared to empty vector control (see Fig.  S2 in the supplemental material). In contrast, the dMnt ⌬SID and dMnt ⌬ZIP splice forms failed to influence transcriptional activity relative to empty vector. Taken together, these results indicate that dMnt, like vertebrate Mad and Mnt proteins, dimerizes with dMax, binds E-box sequences, and represses transcription of an E-box-containing promoter in a SID-dependent manner. Expression of dMnt during development. Expression of mammalian Mad proteins is generally associated with differentiation and organogenesis, while Mnt appears to be more constitutively expressed in both actively dividing cells and those that are exiting the cell cycle (26, 27, 42, 56) . To examine the expression pattern of dMnt, we raised a monoclonal antibody, P5D6, to the region common to all three dMnt splice forms (see Materials and Methods for details). To verify the specificity of the dMnt antibody, the larvae of a dmnt null mutant (dmnt 1 ) and a mutant that retains the dMnt ⌬SID transcript (dmnt 2 ) were stained with P5D6 (see below for derivation and analysis of mutants). As seen in Fig. 3Ba 35 [S]methionine-labeled dMax, dMyc, dMnt, dMnt ⌬ZIP, and dMnt ⌬SID proteins were mixed with GST, GST-dMnt-bHLHZip, or GST-dMnt-bHLH (lacking the ZIP domain) in a GST pull-down assay. (B) In vitro-translated, 35 [S]methionine-labeled dMnt proteins were mixed with GST or a GST-fusion protein containing the paired amphipathic helix domain 2 (PAH2) of dSin3. This domain interacts specifically with the SID domain of Mnt and Mad proteins. The GST proteins and bound, in vitro-translated products were isolated with glutathione Sepharose beads and analyzed on a 10% sodium dodecyl sulfate-polyacrylamide gel.
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FIG. 3. Endogenous expression of dMnt. (A)
A monoclonal antibody recognizing all three dMnt splice forms was used in immunofluorescence assays to detect endogenously expressed dMnt splice forms. dMnt protein is detectable in the cells of the epidermis (EPI) (a), the central nervous system (CNS) (d) and peripheral nervous system (PNS) (a) of late-stage embryos, and the peripheral nervous system cells in eye-antennal disks of third-instar larvae (g) posterior to the morphogenetic furrow (MF). Antibodies to the neural antigen ELAV (␣-ELAV) identify differentiated cells of the central and peripheral nervous systems (b, e, and h). ␣-dMnt, anti-dMnt antibody. (B) The specificity of the monoclonal antibody to dMnt proteins is demonstrated by the nuclear staining of salivary glands from wild-type (WT) third-instar larvae and the absence of specific nuclear staining in a dMnt null mutant (dmnt 1 ) and to a lesser degree in a dMnt hypomorph (dmnt 2 ).
17 (stage 11), coincident with these cells ceasing proliferation and beginning differentiation (Fig. 3A) . At this and subsequent stages, dMnt is also expressed in peripheral and central nervous system cells, as evidenced by the colocalization of dMnt and the neural antigen ELAV (47) (Fig. 3Aa to f) . dMnt expression is not, however, limited to cells that are differentiating during embryogenesis; dMnt is also expressed in the embryonic salivary gland primordium at stage 11 when these cells are actively endocycling (data not shown). dMnt is also expressed in both differentiating and actively dividing cells during the third larval instar of D. melanogaster development. During eye imaginal disk development, cells are recruited to become peripheral nervous system cells and express the neural antigen ELAV posterior to a morphological marker called the morphogenetic furrow (MF). dMnt is predominantly expressed in differentiated cells posterior to the MF. However, a group of dMnt-positive, ELAV-negative cells is detectable at the MF, indicating that dMnt is expressed as the neural fate of these cells is being determined (Fig. 3Ag to  i ). In addition, dMnt is expressed in actively dividing peripodial membrane cells of the wing and eye-antennal imaginal disks in third-instar larvae (K. McClure, personal communication; also data not shown). dMnt is also present in endocycling salivary gland (51) and fat body cells ( Fig. 3B ; data not shown). dMnt is therefore expressed in a temporally and spatially dynamic pattern in both actively replicating mitotic and endoreplicating tissue and differentiating cells.
Ectopic expression of dMnt inhibits cellular growth and proliferation. To determine whether expression of dMnt splice variants can influence cell behavior in D. melanogaster, we used the UAS/GAL4 expression system (9) to express dMnt in endocycling and mitotically dividing cells during development. dMnt proteins were ectopically expressed in the developing eye (employing an eyeless-GAL4 driver) and posterior compartments (engrailed-GAL4). In all tissues ectopically expressing the dMnt cDNA, we observed a marked reduction in the size of the respective adult structure (see Fig. S3 in the supplemental material). These phenotypic changes were more severe when dMnt and dMax were ectopically coexpressed in these tissues, suggesting that the observed dMnt effects were mediated by the transcriptional repression activity of dMnt-dMax heterodimers. We did not observe any obvious adult phenotypes when dMax, dMnt ⌬SID, or dMnt ⌬ZIP was expressed using these drivers (see Fig. S3A in the supplemental material; also data not shown).
We measured proliferation in cell clones ectopically expressing the dMnt cDNA to determine whether the observed dMnt ectopic expression phenotypes were the result of dMnt's ability to inhibit proliferation utilizing the Flp/Gal4 method (see Materials and Methods for details). We compared the sizes of clones ectopically expressing dMnt with GFP to clones expressing GFP alone in both the imaginal wing disk (Fig. 4A ) and the fat body (51) . Clones ectopically expressing dMnt were significantly smaller than clones expressing GFP alone. To determine whether the reduced clone size was due to an inhibition of proliferation and/or growth or apoptosis, dMnt was coexpressed with the baculovirus apoptosis inhibitor p35. There was no significant change in the size of clones coexpressing dMnt and p35 compared to clones expressing dMnt without p35 (data not shown). These results support the observation that dMnt expression is associated with an inhibition of cellular proliferation. Surprisingly, in contrast to what was observed with the eyeless-GAL4 and engrailed-GAL4 drivers, expression of the dMnt ⌬SID or dMnt ⌬ZIP splice form in the wing disks of random clones appeared to have an intermediate effect on proliferation relative to dMnt (Fig. 4A) . Because only the latter experiments were carried out under conditions where cell competition is known to occur, it is likely that even relatively weak effects of dMnt ⌬SID or dMnt ⌬ZIP compared to dMnt would be detected. To determine whether the smaller clone size caused by dMnt expression was due to effects on cell cycle or cell size, we dissociated wing disk cells and examined them using flow cytometry (Fig. 4B) . We compared GFP-positive cells, which express the transgene, to GFP-negative cells, which represent the wild-type cell profile. When dMnt was expressed, we observed an increase in the population of cells in the G 0 /G 1 phase of the cell cycle and a decrease in the population of cells in S and G 2 /M. When we compared the relative sizes of the cells ectopically expressing dMnt and the nonexpressing population by forward scatter (Fig. 4B) , we found that dMnt-expressing cells were significantly smaller than the wildtype cells. This size difference is not due to the increased fraction of G 0 /G 1 cells in the dMnt-expressing population because when we gated and compared individual cell cycle phases, we found that the size difference was observed in all phases (data not shown). Expression of the dMnt ⌬SID or dMnt ⌬ZIP proteins resulted in no detectable effects on cell cycle phasing or cell size, suggesting that these splice forms are likely to act through a mechanism distinct from that of dMnt. Overall, these results indicate that expression of dMnt has effects on cellular proliferation, cell cycle progression, and cell growth.
Isolation of dmnt mutant alleles.
To analyze the effects of loss of dmnt function, we searched the D. melanogaster database for any mutations in the dmnt genomic region (cytological region 3E5). We identified two P-element insertions in the dmnt gene and one insertion immediately upstream of the putative transcription start site. We then initiated an imprecise P-element excision screen to obtain stronger dmnt mutant alleles. By mobilizing the P-element [EP(X)1559] (58), we generated two independent dmnt mutant alleles, dmnt 1 and dmnt 2 , and a precise excision which serves as a wild-type control allele (Fig. 5A) . On the basis of genomic PCR and Southern blotting analysis, dmnt 1 is a null allele. All exons contributing to the open reading frame of dMnt are deleted in this allele. dmnt 2 contains a smaller deletion that removes the exon containing the translational start codons of the dMnt and dMnt ⌬ZIP splice forms but does not extend to the exon containing the translational start codon of the dMnt ⌬SID splice form. RT-PCR analysis demonstrated that dmnt 1 lacks mRNA for the dMnt, dMnt ⌬ZIP, and dMnt ⌬SID splice forms (Fig. 5B) , while dmnt 2 lacks detectable mRNA for the dMnt and dMnt ⌬ZIP splice forms but retains the mRNA for dMnt ⌬SID (Fig.  5A and B) . In addition, we performed RT-PCR analyses on the neighboring gene, ralA, to determine whether expression of this gene was affected in the dmnt mutant alleles. No difference in ralA mRNA expression was detectable for either of the dmnt mutant alleles compared to the wild-type control, indicating that our deletion has not extended beyond the dmnt locus (data not shown). 1 and dmnt 2 mutants are homozygous viable and fertile with no detectable decrease in fitness. To determine whether there are any delays or developmental defects during embryogenesis, we tested hatching rates on the two homozygous mutant lines and compared them to a wild-type (precise excision) control and the parental EP(X)1559 allele. We observed no significant differences in the hatching percentage or rate in the mutants compared to the wild-type control, suggesting that the loss of dMnt has no significant effects on developmental timing during embryogenesis. We also analyzed larval development and did not detect any delays in larval molting, pupation, or eclosion. These results suggest that dMnt is not essential for the normal developmental program.
dMnt mutants have a growth phenotype and are short-lived. Because ectopic expression of dMnt inhibits cellular proliferation and growth, we determined whether loss of dMnt function influences weight and cell size in adult flies. We compared the average individual weights of dmnt mutant adult males and wild-type control males and observed that both dmnt 1 and dmnt 2 mutant males are 20% and 12% heavier than wild-type controls (Fig. 6A) . Cell size was measured by determining trichome density (each trichome represents one cell) in a defined area of the adult wing. dmnt 1 mutant males had 18% fewer cells in a unit area and dmnt 2 mutants had 10% fewer cells than the wild-type controls (Fig. 6B) , indicative of increased cell size. These results demonstrate that dMnt proteins normally play a role in limiting cellular growth.
Several mutants that affect adult body size, such as those that compromise insulin signaling in D. melanogaster, also influence life span (14, 70) . To test whether dMnt mutant adults have an altered life expectancy, dmnt 1 and dmnt 2 virgins were collected, their ages were determined, and the number of dead flies was scored every 3 days and compared to the death rate of virgins from isogenic wild-type controls. The results are the average of three independent and highly reproducible experiments. The average life spans of dmnt 1 and dmnt 2 females were 41 and 48 days, respectively, compared with 54 days for wild-type controls (Fig. 7) . This reduction of 13 days represents a significant decrease (24%) in the life span of the fly. The maximal life expectancy (90% mortality) is also reduced in dMnt mutant animals, with wild-type flies living an average of 71 days compared with 59 and 63 days for dmnt 1 and dmnt 2 alleles, respectively (Fig. 7) . The intermediate phenotype observed for dmnt 2 in life span is consistent with its less severe effect on adult cell and body size, suggesting that dmnt 2 is likely to be a hypomor- phic allele. While dmnt mutant females have a shorter life span than an isogenic wild-type control, these flies are generally not unhealthy. dmnt mutant strains can be kept as homozygous stocks and show no developmental delays. Furthermore, dmnt mutant larvae and adults are neither more sensitive to starvation (see Fig. S4 in the supplemental material) nor more susceptible to bacterial infection (data not shown). Therefore, it is unlikely that the shortened life span of the mutants is due to FIG. 6 . Expression of dMnt splice variants is required for normal growth. (A) dmnt 1 and dmnt 2 mutant males were used to analyze dMnt's role in normal growth control of the fly. The ratio of dmnt mutant/wild-type control (precise excision) was calculated on the basis of the average weight of an individual adult male fly for three independent experiments (black, gray, and white bars). (B) Growth was also measured by cell size in the adult male wing. Cell size was determined by enumerating the number of trichomes (one trichome/cell) in a unit area in a designated region of the wing. The ratio of trichome density was calculated as the average number of cells in one unit area of dmnt mutant/wild type for three independent experiments (black, gray, and white bars). The precise excision of the EP(X)1559 allele was used as the wild-type control. The P values were determined by Student's t test. All P values were Ͻ0.01, with the exception of the ratio with the white asterisk, which had a P value of Ͻ0.02.
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DISCUSSION
The identification and characterization of dMnt reported here, considered together with earlier studies on dMyc and dMax (8, 19, 31, 63) , demonstrate that the components of the vertebrate "Max network," their major protein-protein interactions, and their antagonistic transcriptional functions are conserved in D. melanogaster. dmnt is the sole homolog of mnt and mad genes in D. melanogaster. Sequence comparison and phylogenetic tree construction based on the bHLHZ domain indicate that the protein product of this gene is most similar to vertebrate Mnt (Fig.  1) . In addition to the bHLHZ domain, dMnt possesses the SID domain characteristic of mammalian Mnt and the four Mad family proteins. We show that both these domains are functional-the dMnt bHLHZ mediates association with Max and DNA binding, while the dMnt SID interacts directly with the Sin3 corepressor (Fig. 2) . On the other hand, dMnt lacks the proline-rich and proline/histidine-rich domains characteristic of mammalian Mnt. Because at this time there is no data indicating that these domains are required for Mnt function, their absence in D. melanogaster Mnt cannot be taken as evidence of functional divergence. We surmise that dMnt represents a progenitor of the vertebrate Mad family and Mnt proteins. This notion is consistent with the developmental patterns of expression we have observed for dMnt (Fig. 3A) which appear similar to those for mammalian Mad proteins (expressed during cell cycle exit) as well as Mnt (expressed in proliferating cells). The numerous vertebrate paralogs are likely a reflection of the more complex and diverse regulation imposed on these genes during vertebrate development.
It is probably not a coincidence that the alternatively spliced forms of dMnt that we have observed involve functionally significant alterations in the SID and bHLHZ domains (Fig.  1A, 2, and 5A) . In contrast to dMnt, which functions as a transcriptional repressor, neither the dMnt ⌬Zip protein nor the dMnt ⌬SID protein displayed positive or negative transcriptional activity on a synthetic reporter gene containing Ebox binding sites (see Fig. S2 in the supplemental material). These forms could potentially act as dMnt dominant interfering proteins. However, both the dMnt ⌬Zip and dMnt ⌬SID forms contain unique sequences introduced by alternative splicing and not found in dMnt (Fig. 1A and 5A) . We speculate FIG. 7 . Expression of dMnt splice forms affects the life span of the fly. dmnt 1 and dmnt 2 mutants were used to analyze dMnt's role in life span. Virgin females were collected, their ages were determined, and the number of dead flies was scored every 3 days (see Materials and Methods). The average percent survivorship from three independent experiments was plotted for each collection point. The average decrease in survivorship with respect to the isogenic control for the wild type and dmnt 1 that it is the polypeptide regions that are unique to the ⌬Zip and ⌬SID isoforms that confer distinct E-box-and Sin3-independent functions on these proteins. For example, overexpression of dMnt, but not dMnt ⌬Zip or dMnt ⌬SID, had strong effects on wing and eye formation (see Fig. S3 in the supplemental material). However, while all three isoforms reduced the size of random clones in the wing disk, dMnt had the most dramatic effects and also influenced cell size and cell cycle phasing (see below). By contrast, the ⌬Zip and ⌬SID isoforms had no detectable effects on cell size or cell cycle (Fig. 4) . It will be of interest to further explore potential protein interactions mediated by the alternatively spliced sequences in the ⌬Zip and ⌬SID isoforms and to delineate in greater detail their expression patterns and biological roles. Our imprecise excision screen of an existing allele containing a P-element insertion in the dmnt gene generated dmnt 1 , a null allele, and dmnt 2 , an allele that expresses only the dMnt ⌬SID form (Fig. 5) . To our surprise, both mutant alleles are viable with no obvious pattern of defects or effects on male or female fertility. We did, however, observe that dmnt 1 and dmnt 2 mutants were 20% and 12% heavier than their wild-type controls, respectively. Furthermore, dmnt 1 and dmnt 2 alleles had an average of 18% and 10% fewer cells per unit area, respectively, than the wild-type controls, indicative of increased cell size (Fig. 6) . The intermediate effect observed with dmnt 2 , which expresses only dMnt ⌬SID, again suggests that this alternatively spliced form functions in a pathway related to the dMnt pathway. The augmentation of cell and organismal size in the dMnt mutant flies is generally consistent with dMnt acting as an antagonist of dMyc. Flies with dMyc loss-of-function alleles are smaller and have increased trichome density (19, 31, 63) , while dMyc overexpression generates larger cells and flies (16, 31) . Mice with single deletions of murine mad family genes mad1, mxi1, and mad3 were viable, although hyperplasia, sensitivity to radiation damage, and a delay in differentiation were observed. The relatively mild phenotypes were generally ascribed to redundancy between mad family members. Our data derived from the dmnt null mutant suggest that mad genes are not essential for survival. However, a strong synthetic effect in mice bearing both mad1 and p27 KIP1 null alleles indicates that mad genes may be redundant with other genes that act to limit cell growth and proliferation (38) . Interestingly, we did not observe any obvious genetic interaction or developmental or adult phenotypes in mutant flies which were hemizygous for dmnt 1 and heterozygous for dacapo, the sole Drosophila p21 CIP1 /p27 KIP1 ortholog (data not shown). Our finding that both the dmnt loss-of-function alleles resulted in a 24% decrease in life span and a diminished life expectancy was surprising (Fig. 7) . Although it is possible that dmnt loss of function might have a nonspecific toxic effect, we believe this is unlikely because we fail to observe sensitivity to starvation or bacterial infection in the dmnt 1 mutant flies ( Fig.  7 ; see Fig. S4 in the supplemental material) . Nonetheless, we have been unable to demonstrate increased longevity using a dMnt transgene and a motor neuron-specific GAL4 driver used previously to overexpress superoxide dismutase and increase life span (50) . However, a negative result with the transgene may well be due to a failure to target expression to the appropriate cell type or developmental time. While this work was in progress, the mad/mnt homolog, mdl-1 in Caenorhabditis elegans (76) was identified as a positively regulated target of the DAF-16 transcription factor (43) , which is known to influence the rate of aging during early adulthood. In addition, mdl-1 small interfering RNA resulted in a ϳ10% decrease in the life span of C. elegans. Perhaps D. melanogaster Mad/Mnt homologs function as part of a conserved pathway involved in longevity. Clearly, further studies will be required to define dMnt's possible role in aging. Interestingly, mammalian c-Myc has been recently shown to have the ability to attenuate cellular senescence and promote transformation through its direct regulation of the Werner syndrome gene, also known to function in aging (22) .
Longevity has been closely linked to cell growth pathways in many organisms including C. elegans, D. melanogaster, and vertebrates (7, 14, 25, 35, 36, 43, 75) . We have shown, through dMnt overexpression and loss of function, that this transcriptional repressor has a role in regulating growth. Expression array studies in murine thymocytes containing a Mad1 transgene indicate that Mad downregulates the expression of numerous genes involved in ribosome biogenesis, translation, and metabolism (30) . The majority of these repressed genes are activated by Myc. Furthermore, genomic binding studies of dMnt in D. melanogaster indicate direct association of dMnt and dMyc proteins with many of the same growth-related genes (48) . These findings, taken together with the data reported here, further extend the notion that Myc and Mad/Mnt proteins are antagonists in terms of their transcriptional activities and effects on cell and organismal growth and longevity. It remains to be determined whether dmnt is regulated by Drosophila FOXO, the only fly homolog of FOXO/DAF-16 (32, 54) . If so, dMnt may act to suppress a specific subset of growthrelated genes in the absence of insulin and perhaps other growth factors.
